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We report on strong dipole transitions to 3d orbit als of neighboring Co atoms in the Co Is x- 
ray absorption pre-edge. They are revealed by applying high-resolution resonant x-ray emission 
spectroscopy (RXES) to compounds containing Co06 clusters. When contrasted to quadrupole 
local ls3d excitations, these non-local ls3d transitions are identified by their energy dispersion and 
angular dependence, their sensitivity to second-shell effects (i.e. the connection mode of the Co06 
octahedra and the bond lengths), and an upwards energy shift of 2.5 eV due to the poorer screening 
of the core hole. The experiment reveals that the intensity of the non-local transitions gauges 
the oxygen- mediated 4p-0-3d intersite hybridization. We propose a revised interpretation of the 
pre-edges of transition metal compounds. Detailed analysis of these new features in the pre-edge 
offers a unique insight in the oxygen mediated metal-metal interactions in transition metal-based 
systems, which is a crucial aspect in orbital ordering and related electronic and magnetic properties. 
In addition, the exceptional resolving power of the present ls2p RXES experiment allows us to 
demonstrate the coherent second-order nature of the underlying scattering process. 

PACS numbers: 71.20.-b,78.70.Ck,78.70.Dm 



The nature of correlation effects and the peculiari- 
ties of the many body electronic structure of transi- 
tion metal oxides remain at the forefront of current con- 
densed matter research. Some of the fundamental issues 
are well illustrated by the case of LaCoOs, which has 
been studied for decades due to the fact that tempera- 
ture and doping effects lead to remarkable transport and 
magnetic properties; however, yet even the spin state 
of Co is still debated for this prototype cobaltatei^ 
It is well-known that oxygen mediated d-d interactions 
between neighboring metal sites have a crucial impact 
on transport, magnetic and electronic properties of ox- 
ides with strong electron correlation^ In contrast to 
this, however, the interactions between the p and d or- 
bitals of neighboring metal atoms remain poorly under- 
stood. This p-d hybridization is expected by symmetry 
and band-structure arguments, and is predicted by den- 
sity of states (DOS) calculations In the present work 
we show that novel synchrotron-based x-ray spectroscopy 
can reveal and characterize this intersite hybridization. 

Formed from states near the Fermi-level, the oxygen- 
mediated 4p-3d intersite hybridization creates low-lying 
empty states. Band structure calculations predict that 
they overlap in energy with the 3d empty states j2A& K- 
edge x-ray absorption spectroscopy (XAS) is capable of 
probing transitions to empty states of p and d symme- 
try, and thus we can expect the observation of features 
related to this hybridization among the lowest energy 
excitations. Their identification requires, however, the 
complete understanding of the XAS spectrum in the rel- 
evant region, i.e., at and below the main edge. 



The 3d metal K edge typically consists of a small pre- 
edge due to the weak ls3d quadrupole transitions plus 
the main ls4p edge due to transitions to the empty bands 
of p-character. In fact, what XAS offers is the possibility 
to probe the response of the many body electronic struc- 
ture upon the creation of a Is core hole. The interpreta- 
tion of the pre-edge is based on the quadrupole transition 
from the 3^ ground state to the ls 1 3d N+1 final stated 
The charge-transfer multiplet (CTM) theory was shown 
to give a detailed description of this region: not only does 
it for the quadrupolar features, but it is also able to de- 
scribe local 3d-4p mixing (if any), and thus the dipolar 
contribution to the pre-edges for geometries that deviate 
substantially from inversion symmetr y 10 ! 11 ! 12 . Anoma- 
lous dipole excitations in this XAS region have been ob- 
served in a few cases ^ and they were assigned to tran- 
sition to the 3d states of neighboring metal sites i 14 i 15 i 16 
Such non-local ls3d transitions are associated with the 
Ap-0-3d intersite hybridization, and are the focus of our 
study. 

A major limitation of K edge x-ray absorption stud- 
ies is that the fine details of the XAS spectral response 
are broadened by the Is core- hole lifetime broadening 
of more than 1 eV. Moreover, in normal XAS, the tail 
of the edge overlays the small pre-edge features, com- 
plicating their analysis. An emerging technique based on 
the combination of absorption and emission spectroscopy, 
resonant x-ray emission spectroscopy (RXES, or resonant 
inelastic x-ray scattering, RIXS) can overcome the prob- 
lems of broadening and overlap, and can unveil the details 
of the underlying transitions f & 17 i 18 i 19 i 2Q 



In this paper we present a detailed study of cobalt ox- 
ides utilizing ls2p RXES. We give experimental evidence 
for the existence of the theoretically expected low-energy 
non-local ls3d transitions^ which is a manifestation of 
the interplay of structural and electronic degrees of free- 
dom in cobaltates. On the basis of these results we pro- 
pose a general interpretation for the pre-edge region in 
XAS of transition metal compounds that differs from the 
accepted view of quadrupole pre-edge plus dipole edge. 

The revised interpretation is illustrated in Fig. [TJ from 
both band structure and bonding perspectives. The main 
edge is made up by ls4p dipolar excitations (D). The 
lowest-lying features correspond to ls3d quadrupolar 
transitions (Q), which can be described with the charge- 
transfer multiplet (CTM) appro ach^Ji^iiLSi^ i n 
between, dipole excitations (D') appear due to exci- 
tations to second-shell metal 3d states, which proceed 
through the local Ap linked to the neighboring metal 
via the M(4p)-0(2p)-M'(3d) mixing in oxides^^ Al- 
though in the ground state the states created by oxygen- 
mediated Ap-3d intersite hybridization have the similar 
energy to the 3d states, the difference in core-hole screen- 
ing separates the local ls3d and non-local ls3d contribu- 
tions in the XAS spectra. The intensity of the non-local 
ls3d excitation gives direct quantitative information on 
the strength of the oxygen-mediated Ap-3d intersite hy- 
bridization, which is an important property of the physics 
of these oxides. 

In order to reveal the detailed pre-edge features, an 
extreme resolution is required. For this purpose we have 
set up a new spectrometer to perform Co ls2p RXES 
with unprecedented resolution. The essential idea of the 
RXES experiment is to tune the incident energy to the 
Is pre-edge and edge resonances and to analyze the x 
rays emitted in the 2p — > Is decay channel, with a crys- 
tal spectrometer. For a 3^ ground state, the pre-edge 
RXES process leads via ls 1 3d N+1 intermediate states 
to 2p b 3d N+1 final states. These final states are identi- 
cal to the final states in L2,3-edge XAS, which explains 
the comparable information content and the improved 
resolution ] 19 i 24 The experiment was performed at the 
beamline ID16 of the European Synchrotron Radiation 
Facility. The incident beam was monochromatized with a 
cryogenically cooled Si(lll) double-crystal monochroma- 
tor, followed by a secondary Si(440) channel-cut crystal 
to provide an energy bandwidth of 150-200 meV. The 
experimental setup was that of a Rowland-circle spec- 
trometer with a horizontal scattering plane, operated at 
90° scattering angle using a spherically bent Si(531) an- 
alyzer with a bending radius of lm or 2m. The latter 
has smaller strains from the bending 25 allowing us to 
reach an overall energy resolution of 0.3 eV (FWHM); 
this was used for all but one (Fig. 3a) RXES spectra 
presented here. ls2p 3 / 2 RXES scans were obtained by 
taking the emission spectra for each incident energy (4-8 
points per eV, depending on the resolution); the results 
are presented as contour plots. 

Before proceeding to the detailed study of the non- 
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FIG. 1: (Color online), (a) Schematic representation of the 
transitions at the K edge; Q stands for quadrupole, D for 
dipole, and D' for the non-local ls3d dipole transitions, (b) 
The participating empty 3d or 4p metal atomic orbitals and 
O 2p orbitals are plotted for each transition. The colors illus- 
trate the role of the orbitals, the electron is excited to dark- 
est ones, (c) The ground state empty DOS and the final state 
densities are displayed, with the Is occupation indicated. The 
lowest-lying empty states can be of d or intersite p-d types, 
which overlap in the ground state. In the XAS final states 
these are shifted apart due to the different screening of the Is 
core hole, (d) The described features are shown in an over- 
simplified model XAS. 
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FIG. 2: (Color online). Top: Total- fluorescence- yield de- 
tected Is XAS of Co(acac) 3 (left) and of EuCoOs (right). 
Bottom: Surface plots of ls2p RXES on Co(acac)3 (left), and 
on EUC0O3 (right). 
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local ls3d excitations, we show the advantages of RXES 
over XAS in studying the pre-edge region on examples 
that will be relevant to the later discussions. Firstly, 
the pre-edge region is better separated from the tail of 
the main edge in RXES than in XAS, as it is seen in 
Fig. [21 which presents two low-spin Co 3+ compounds. 
As CTM calculations and experiment show, 20 the XAS 
of a (quasi)octahedral low-spin 3d 6 system should con- 
sist of a single quadrupolar resonance in the preedge^ 
This is found for the case of molecular Co(acac)3 (acac: 
acetylacetonate), as it is displayed in Figure [2j How- 
ever, a large second structure shows up in the spectra 
of EUC0O3, which has neighboring Co ions. (Below, we 
will argue that the reason is the relevant 4p-3d Co-O-Co 
intersite mixing, here we just wish to show that the pre- 
edge is better separated from the tail of the main edge in 
RXES. Exceptionally, in Fig. 2 we show the RXES spec- 
tra as colored surface plots to facilitate the understand- 
ing of the contour plot versions seen in Figs. 4a and 5.) 
Secondly, the different possible features making up the 
pre-edge not only differ in incident energy but they are 
also separated along the second dimension of the RXES 
plane, the energy transfer. This way the large lifetime 
broadening of the Is core hole is partly eliminated, and 
the spectral features are better resolved. This is espe- 
cially important when the resonance energies of different 
sites are close, as they are in Co304, 2T or when there is 
a rich multiplet structure in the pre-edge, such as for the 
case of CoO. Figure [3] presents the ls2p RXES of CoO 
(for the Co Is XAS see e.g. Ref.[H). The capabilities of 
the technique at its new performance limits can be ap- 
preciated in this figure, which shows how the multiplet 
structure is resolved: the spectrum in Fig. [3fci is already 
of good quality by current standards. However, the im- 
provement in Fig. [3)3 is conspicuous: removing most of 
the smearing effect of the analyzer, the horizontal and 
vertical broadenings are determined by the correspond- 
ing (Is and 2p) core- hole lifetimes, and thus fine details 
of the structure are revealed. 

Contrasting the obtained well-resolved experimental 
data with theory brings up another important aspect, 
which is well-known in soft x-ray spectroscopy, but has 
never been observed with hard X rays: the interference 
between the absorption and emission processes. The cal- 
culated spectra are shown in Fig. O below the exper- 
imental ones. The RXES spectrum of CoO has been 
calculated using the CTM approach with a quadrupole 
transition from 3d 7 to ls 1 3d 8 coupled to a dipole decay 
from Is 1 3d 8 to 2p 5 3d 8 . — Nevertheless, charge- transfer ef- 
fects have been neglected to simplify the assignments, for 
it can be shown that the charge-transfer parameters of 
CoO do not visibly modify the RIXS spectral shapes^ 
The K pre-edge consists of multiplet features spreading 
over 5 eV due to the various states of Is 1 3d 8 symme- 
try, which is completely determined by the multiplet and 
crystal-field effects on the 3d 8 configuration. The the- 
oretical spectrum given on the left is determined from 
the multiplication of the ls3d x-ray absorption intensities 
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FIG. 3: (Color online). Experimental and calculated ls2p 
RXES spectra of CoO. Top panels show spectra taken with 
1 eV (a) and 0.3 eV (b) overall energy resolution. Bottom 
panels display the modeled RXES without (c) and with in- 
terference (d) between the absorption and emission process. 
The relative spectral intensity is shown on the color bar be- 
tween the top panels. 

with the corresponding ls2p x-ray emission intensities. 
In contrast, the calculated spectrum on the right contains 
the matrix elements of excitation and decay within the 
Kramers-Heisenberg formula. 17 The difference between 
the two calculations is the inclusion of interference ef- 
fects. Apart from the resolution, there is a reasonable 
agreement between structures in Figs.EJi and [3k, the less 
resolved experiment and the calculations without inter- 
ference, which makes us recall a former assumption that 
interference effects are not important for Is core- hole in- 
termediate states. 11 

The high-resolution RXES spectrum, in particular the 
feature at around 780 eV energy transfer, is however 
much better simulated if interference effects are included. 
The excellent agreement of the structures in Figs. [3}d and 
[3]i proves that the effects of interference affect the spec- 
tral shape. This is a clear demonstration that RXES has 
a coherent second- order nature. In order for these co- 
herence effects to be visible one should reach the same 
2p-hole final state via two or more ls-hole intermediate 
states. Mainly because the strong 2p3d multiplet effects 
in the final state, this type of interfering channels should 
occur frequently in the ls2p RXES experiments. 

Returning to the study of the 4p-0-3d intersite hy- 
bridization, we first describe our experimental strategy 
to tune this interaction. In order to provide a conclusive 
detailed investigation of pre-edges and search for excita- 
tions with a non-local ls3d character, we selected sev- 
eral compounds with serious restrictions on the spin and 
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charge degrees of freedom, and structural properties: all 
but one subject compound have the same valence and 
spin state, and the local structure is always a C0O6 oc- 
tahedron. The main difference is the connection mode of 
these octahedra, which ranges from none to edge or cor- 
ner sharing. The Co(4p)-0(2p)-Co'(3^) mixing is most 
sensitive to the Co-0 bond length and the Co-O-Co an- 
gle; optimal mixing is expected at short bond length and 
linear Co-O-Co arrangement, where the involved 2p or- 
bital of the bridging oxygen can make the most effective 
link. 

CoO has a rocksalt structure, with linear and orthog- 
onal Co-O-Co geometry, the former being optimal for 
the 4p-0-3d intersite mixing. However, in contrast to 
the other compounds in this paper, it has long Co-0 
bonds (2. 13 A). As we saw in Fig. [3j the rich structures 
of the RXES spectra are entirely understood in terms 
of many-body effects arising from the ls3d quadrupolar 
transition (Q in Fig. [Tj); the excellent agreement of the 
measured and calculated spectral shapes in Fig. [3)3 and 
[3]d clearly shows the absence of significant non-local ls3d 
transitions. 

In order to provide a reference spectrum with short 
Co-0 bond lengths but without non-local ls3d transi- 
tions, we studied a low-spin Co(III) molecular compound 
with an octahedral Co06 core, where no neighboring Co 
is present. The RXES of the selected Co(acac)3, dis- 
played in Fig. shows a single quadrupolar peak (QP) 
in the pre-edge, as a single ls3d quadrupolar transition to 
a 2 Eg XAS final state is expected for a low-spin Co(III), 
which has a t\ g e^ g ground stated (The vertical tail is a 
result of weak 2p 5 3d 7 multiplet interactions.) Thus in 
the two cases presented so far, where Co-O-Co' mixing 
is weak or not possible, the pre-edge can be fully un- 
derstood considering quadrupole transitions with many- 
body multiplet effects. 

In low-spin cobalt (Ill)-oxides Co(4p)-0(2p)-Co'(3cf) 
mixing is possible, and due to the short Co-0 bond 
length 1.92 A) considerable non-local ls3d dipole con- 
tributions can be expected. In Figs. HJd- [Hi and [5] 
we present the RXES spectra of such oxides, including 
LiCo0 2 , AgCo0 2 , LaCo0 3 (at T=20 K), and EuCo0 3 . 
The low-spin state and the similar first-shell structure 
of Co 3+ are confirmed by the very similar Co £2,3 XAS 
spectra ^ 31 ! 32 Indeed, in all cases we can observe a second 
feature in the pre-edge region (hereafter: DP), centered 
about 2.5 eV higher to QP. (This energy shift stems from 
the different core-hole screening, as discussed above.) 

In order to obtain further support for the non-local 
ls3d nature of DP, we can now study its behavior as a 
function of the linking of the C0O6 octahedra, whose The 
C0O6 octahedra are connected at the corners in EUC0O3 
and in LaCo03, while in LiCo02 and in AgCo02 they are 
edge-sharing. Since the Co-O-Co angles are different in 
these compounds, different DP intensities are expected 
if they are indeed related to the oxygen-mediated 4p-3d 
mixing with the neighboring Co. In the edge-sharing ge- 
ometry the Co-O-Co bond angle is close to 90° (LiCo02: 
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FIG. 4: (color online). Is2p RXES on (a) Co(acac) 3 , (b) 
LiCo0 2 , (c) AgCo0 2 , (all at T=295K), and (d) LaCoOs at 
20K. 
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FIG. 5: (Color online) Left panel: ls2p RXES on EuCoOs- 
Right panel: Angle-resolved XAS-like diagonal cross section 
of the RXES plane (taken at constant emission energy, as de- 
scribed in Ref. 30) on a single crystal. is the angle between 
the incident x-ray beam and the c axis of the crystal. 



94.2°, 33 AgCo0 2 : 97.2° 34 ). Consequently, the two neigh- 
boring Co 3+ ions cannot overlap with the same 2p orbital 
of the bridging oxygen. In the corner-sharing case, the 
bond angle is closer to linear (EUC0O3: 152.9°, LaCoOs 
(T=20K): 162.96°^) thus the same oxygen orbital can 
hybridize with both Co atoms. In fact, as we can see in 
Figs. [4] and [51 this is the observed trend: in the spectra of 
the edge-sharing oxides the DP intensity is lower, while 
it dominates the spectra of the corner-sharing ones. In 
general, the DP intensity increases with the Co-O-Co 
bond angle. 

It is also worth noting that QP and DP show differ- 
ent dispersion with respect to the incident photon en- 
ergy.4e While the first appears at a certain energy as a 
distinct resonance due to a transition to a narrow level, 
the second one has an elongated structure along the di- 
agonal of the plane. Previous works have also reported 
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elongated structures with different slopes; however, these 
usually appear because separate peaks merge due to the 
lack of resolution. 36 In our case no fine structure of this 
broad feature was observed with 0.3 eV resolution. More- 
over, this second feature lines up with the diagonal of the 
plane, suggesting that a portion of the excitation energy 
can be transferred to the kinetic energy of the promoted 
electron, which is expected for a transition to bands. 
Thus we can conclude that this second feature has all 
the characteristics to assign it to non-local ls3d excita- 
tions. The different nature of these features is revealed by 
their angular dependence^ as it is displayed in the right 
of Fig. [5j when changing the angle between the c axis of 
the sample and the incident beam, the intensity of the 
first peak shows strong variation, suggesting an angular 
period of 90° (which indicates quadrupolar excitations to 
3d orbitals), while the second feature changes little in the 
studied angular range. Consequently, the assignment of 
QP as the transition Q in Fig. 1 is confirmed, while DP 
has all characteristics of a non-local ls3d dipolar peak 
D\ 

Based on these observations we argue that the inten- 
sity of the second pre-edge peak, which we attribute to 
the non-local ls3d dipolar peak, correlates with the fac- 
tors that influence the 4p-0-3d intersite hybridization: 
the bond lengths and the bond angle. Its unusual dis- 
persion suggests a band-like character, and its polariza- 
tion dependence shows different multipolarity than that 
of the normal quadrupolar transition. The observed 2.5 
eV shift from Q is understood as arising from the differ- 
ent screening effects. (Curiously, a shift of about 2.5 eV 
were also found in the pre-edges of Ti02 and of La2Cu04 
for the similar features.) 

It is noted that this non-local transition is different 
from the non-local screening in 2p X-ray Photoemission 
(XPS) 38 i 39 . In 2p XPS the non-local screening involves 
an oxygen mediated 3d-0-3d hybridization, while in the 
non-local peak in the preedge it involves an oxygen me- 
diated Ap-0-3d hybridization. The main K edge involves 
dipole transitions from 3d 6 to ls 1 3d Q Ap 1 . The charge- 
transfer channels of the main edge are very similar to 
those of Is XPS and 2p XPS, because the excited electron 
is essentially a delocalized state. As yet these channels 
are not distinguishable in the experiment and their anal- 
ysis would need detailed correlated band structure calcu- 
lations. In principle, the 3d3d non-local charge-transfer 
channel is also part of the charge-transfer channels of the 
main edge. This non-local screening channel is also ob- 
served in both soft and hard X-ray RIXS with a few eV 
energy transfer i 4Q i 41 

In systems with inversion symmetry, for example octa- 
hedral systems, the quadrupole and dipole states do not 
mix. The 2.5 eV energy difference can then be under- 
stood as the energy difference between the self-screened 
ls 1 3d 7 4p°(3d 6 ) state and the bonding combinations of 
the three dipole final states. In principle there should be 
two additional states similar to non-local transitions and 
the poorly screened peak in 2p XPS. This energy differ- 



ence of 2.5 eV thus permits the experimental separation 
of the two overlapping different empty 3d states, as seen 
in Fig. Hb. 

A relevant immediate consequence of our results con- 
cerns the spin state studies of cobaltates. LaCo03 
exhibits a temperature-induced spin-state transition^i 3 - 
which in a localized model results in decreasing ti g and 
increasing e g population, t\~ x e^. With increasing tem- 
perature an increasing QP and a decreasing DP inten- 
sity were observed in the pre-edge region, 3,42 which is 
in apparent agreement with the expected redistribution 
of the 3d electrons. Because of this, QP and DP were 
interpreted in the single-particle model as quadrupolar 
transitions to the t<i g and e g levels, respectively. From 
the foregoing it is clear that this interpretation does not 
stand, and the spectral variations must arise from the 
temperature effects on the hybridization, which are indi- 
rectly related to the spin state (i.e., thermal expansion 
and diminishing mixing of metal ions of different spin 
states). This points out the importance of understand- 
ing the nature of the pre-edge features before such spec- 
tral features are interpreted; the current work shows how 
RXES can provide the necessary insights. 

In summary, we report clear evidence for the theoret- 
ically expected low-lying empty states that stem from 
oxygen- mediated Ap-3d intersite mixing in cobalt oxides. 
High-resolution RXES applied to compounds built up 
by Co06 clusters reveals strong non-local ls3d dipole 
excitations to these states in the Co Is x-ray absorp- 
tion preedge, which are identified by their energy offset, 
dispersion and angular dependence, and by their sen- 
sitivity to bond length and second-shell effects. Non- 
local ls3d excitations are absent and the preedge can 
be fully described by ls3d quadrupole transitions when 
the Co(4p)-0-Co(3d) hybridization is weak or no adja- 
cent Co is present. Therefore, the approach presented 
provides an effective probe of the oxygen-mediated in- 
tersite p-d mixing. These results have important conse- 
quences on the understanding of the pre-edges (and thus 
the lowest-lying excitations) of highly correlated transi- 
tion metal compounds with short metal-ligand distances. 
In these, typically high-valent systems, the usual inter- 
pretation of quadrupole pre-edge plus dipole edge fails 
and the dominant pre-edge structure can be attributed 
to the non-local ls3d dipole feature. This new inter- 
pretation of the pre-edges has far reaching implications 
within condensed matter physics, but also in many ap- 
plied fields. In earth sciences and materials science, for 
example, when high-valent oxides and chalcogenides are 
investigated, transition metal Ap-3d intersite hybridiza- 
tion must be considered when electronic or magnetic 
properties or thermodynamic stability are being inves- 
tigated, and, similarly, this effect must be considered in 
biology and chemistry for enzymes or bi- or polynuclear 
coordination compounds containing metal ions linked by 
a single atom of a bridging ligand. 
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